Valve lesions in degenerative calcific aortic stenosis (CAS), a disorder affecting 3% of those older than 75 years, are infiltrated by T lymphocytes. We sought to determine whether the ␣␤ TCR repertoire of these valve-infiltrating lymphocytes exhibited features either of a polyclonal nonselective response to inflammation or contained expanded clones suggesting a more specific immune process. TCR ␤-chain CDR3-length distribution analysis using PCR primers specific for 23 V␤ families performed in eight individuals with CAS affecting tri-or bileaflet aortic valves revealed considerable oligoclonal T cell expansion. In five cases, ␤-chain nucleotide sequencing in five selected V␤ families showed that an average of 92% of the valve-infiltrating T cell repertoire consisted of expanded T cell clones, differing markedly in composition from the relatively more polyclonal peripheral CD8 or CD4 T cell subsets found even in this elderly population. Twenty-four of the valveinfiltrating T cell clones also had the same clone identified in blood, some of which were highly expanded. Interestingly, 22 of these 24 shared clones were CD8 in lineage (p ‫؍‬ 1.5 ؋ 10 ؊12 ), suggesting a possible relationship to the expanded CD8 ؉ CD28 ؊ T cell clones frequently present in the elderly. Additionally, the sequences of several TCR ␤-chain CDR3 regions were homologous to TCR ␤-chains identified previously in allograft arteriosclerosis. We infer that these findings are inconsistent with a nonselective secondary response of T cells to inflammation and instead suggest that clonally expanded ␣␤ T cells are implicated in mediating a component of the valvular injury responsible for CAS.
C alcific aortic stenosis (CAS)
3 is a progressive disease characterized by calcified nodules in the body of the valve leaflets that restrict valvular motion and impede blood flow from the left ventricle. CAS is the most common reason for valve replacement surgery (1) . Because CAS occurs in 3% of those older than 75 years (2, 3) , from the time of its description over 100 years ago, CAS had been attributed to the degenerative effects of chronic hemodynamic stress and "wear and tear" on the valve (4), although why only a subset of individuals would respond to this prevalent stress with CAS is unknown.
Olsson et al. (5) and Otto et al. (6) were among the first to demonstrate a variable, but often quite appreciable T lymphocyte infiltration in CAS. Further work showed that most T cells infiltrating the valve are concentrated in aggregates surrounding regions of calcification or arrayed about newly appearing blood vessels that express vascular endothelial growth factor (VEGF), VEGF receptors, ICAM-1, and VCAM-1 (7) (8) (9) . The T cells exhibit considerable evidence of activation, including expression of CD25 and HLA-DR, whereas cells of the surrounding valvular mesenchymal tissues also strongly express HLA-DR, consistent with the release from activated lymphocytes of inflammatory mediators such as IFN-␥ (5, 10). The modified mesenchymal cells also express genes characteristic of osteoblasts, suggesting that calcification results from an active, regulated osteogenic process (9, 11) . Because CAS is more prevalent in anatomically variant bileaflet aortic valves and occurs at younger ages, the finding of similar T lymphocyte infiltration in bicuspid valves emphasized the importance of this inflammation in CAS pathogenesis (7) .
CAS shares some risk factors with atherosclerosis and apolipoprotein E knockout mice develop CAS (2, 12, 13) . However, as emphasized by Otto et al. (14) , CAS and atherosclerosis are not synonymous, given that only half of the patients with CAS have concomitant coronary artery disease, whereas the large majority of those with atherosclerosis do not develop CAS (12) . Additionally, bileaflet aortic valves are disproportionally affected with CAS, further suggesting that distinct factors account for the development of CAS (15) . Moreover, the lack of efficacy of intensive lipid-lowering therapy by statins in halting the progression of CAS (16) suggests that processes other than those involved in atherosclerosis may be at play in CAS.
Among the possibilities that could account for the conspicuous presence of T cells within CAS valve lesions is that the entrance of T cells is a secondary consequence of chemokines released by valvular injury or non-Ag-specific innate immune system activation of macrophages resulting in a polyclonal T cell infiltration analogous to that of stable atherosclerotic plaques (17) (18) (19) (20) . Conversely, if the repertoire consisted of a small number of highly expanded T cell clones, it would favor the interpretation that some features of an adaptive immune response were occurring within the valve perhaps in response to stress-induced molecules, with the potential for the T cell activation and mediator release associated with clonal expansion to enhance valve injury. Because these two primary scenarios can be distinguished by TCR repertoire analysis, the goals of this study were to delineate the clonal composition of the infiltrate through structural features of the clonally specific ␤-chain TCR in the lymphocyte repertoire and determine the presence of expanded shared putative progenitorcirculating clones in either the CD4 or CD8 subsets of peripheral blood (PB).
Materials and Methods

Study patients
Residual aortic valve tissues and blood samples were obtained at surgery from eight individuals undergoing valve replacement for severe CAS (Table I) . These specimens included seven tricuspid valves and one bicuspid aortic valve. No case had a history of rheumatic fever nor did they have significant aortic insufficiency or mitral valve pathology on echocardiography. Two had significant coronary atherosclerosis requiring coronary artery bypass. A third had hyperlipidemia without coronary atherosclerosis. A histologically normal-appearing valve was obtained during heart transplant for end-stage heart failure secondary to dilated cardiomyopathy. Histologic sectioning and immunochemical staining were performed as described previously (21) . The Institutional Review Board of Columbia University approved the study. All participants gave informed consent.
Analysis of ␣␤ TCR repertoire ␤-chain CDR3 length distribution
The clonal composition of the T cells infiltrating the stenotic aortic valve was analyzed using RNA extracted from separated PB CD4 and CD8 subpopulations and from the total sample of the aortic valve tissue as described previously (21) (22) (23) . Briefly, the valve is minced, transferred to RNAStat-60 reagent, homogenized in a Tissuemizer (IKA Labortechnik), and after centrifugation out of calcific particles, RNA was isolated according to the manufacturer's instructions (Tel-Test). The quality of the RNA was determined on an Agilent 2100 Bioanalyzer according to the manufacturer's instructions, using a RNA microchip. cDNA was prepared using oligo(dT) priming. The repertoire composition was first determined in a lower resolution global assessment by ␤-chain CDR3 length distribution or spectratype analysis to characterize the degree of clonal expansions for each of the 23 TCR ␤-chain variable region families (BV or TRBV) in each CAS case, as described previously (21, 22) . Briefly, primers specific for a particular variable region family (BV) and the constant region (CB) were used in PCR to amplify the TCR ␤-chains in each BV family. The sequence for all 23 primers for the 5Ј TRBV families, the 3Ј TRBC primer, and the runoff primer are shown in the Supplement Table  4 along with the size of the product for CDR3 length (length ϭ 11). The amplified PCR product was fluorochrome-labeled in a runoff reaction using a labeled primer and the bands reflecting different CDR3 lengths, resolved on an automated analyzer, as described previously (21, 22) . The presence of clonal expansions in the T cell compartments was determined by comparing the observed ␤-chain length distributions to a reference composite profile generated from a healthy control group of 140 samples, as described previously (21) . A clonal expansion was considered to be present at a particular CDR3 length when the observed distribution in that BV family exceeded the 95th percentile of the expected frequency by 5% at that ␤-chain length in reference normals (21) .
␤-Chain nucleotide sequence analysis
In five trileaflet valves, the clonal composition of the repertoire was determined by nucleotide sequence in five BV families. These families were chosen for sequencing based on the presence of clonal expansions in the valve and one or more putatively shared oligoclonal expansions at the same CDR3 length in either or both the CD8 or CD4 subsets of PB. The cloning and sequencing of the same type of PCR product used in the length distribution technique involved a high throughput procedure as described previously (21) . From 20 to 105 transcripts were successfully sequenced and translated from each of the three T cell compartments for each BV family after elimination of nonproductive rearrangements. The alternative IMGT (24) and Arden et al. (25) nomenclature, respectively, for variable (V region, TRBV, BV), diversity (D region, TRBD, BD), joining (J region, TRBJ, BJ), and CDR3 length delimiters (CAS. . . FGXG, C. . . FGXG) is included. The IMGT/VQUEST website was used to identify these regions and the location of the ␤-turn in the CDR3 region: http://imgt.cines.fr: 8104/IMGT vquest/share/textes/index.html (26) . A clone was considered as expanded if two or more transcripts were identified, although inferring the degree of clonal expansion from the numbers of TCR transcripts identified in repertoire analysis is necessarily an approximation influenced by factors such as stage of clonal activation. Because the sequence analysis method determines the composition of the repertoire at the level of nucleotide sequence, rather than just ␤-chain length, it reveals the presence of clones that would otherwise not be apparent in the lower resolution spectratype method that only detects much more expanded clones in settings of lower polyclonal background. The sequences of all valve-infiltrating ␤-chain are available in GenBank, accession nos. EF415300 -EF415485, see supplemental table.
Sequence analysis bioinformatic methods
The CDR3 amino acid motifs in the valve were examined for the presence of homology as described previously (21) . Basically, the motifs were first examined for homology with sequences in the nr database using the Webbased National Center for Biotechnology Information protein-protein basic local alignment search tool (BLAST) resource (http://www.ncbi.nlm.nih. gov/BLAST) (27) and for similarities in TCR structure (26) . The motifs were then examined at higher stringency for homology with sequences in the nr database using the GCG implementation of BLAST (27, 28) , with the 4 The on-line version of this article contains supplemental material. PAM30 matrix, word size (size ϭ 2) and gap cost existence (gap cost ϭ 9, extension ϭ 1), as is appropriate for very short sequences (29) . Additional sequence comparisons were made using the GCG program "FindPatterns" using an identity criterion. To explore whether these homologies occurred by chance, the CDR3 regions of 163 CAS clones and a disease control of 116 T cell clones obtained from the kidneys of individuals with lupus nephritis were each compared using the Findpatterns (28) to the corresponding region of both 223 productively rearranged graft-arteriosclerosis clones (of 243 total) (Genpept, AAG15594-AAG15836; GenBank, AY006091-AY006333 (30)) and 99 atherosclerosis clones (18) . Sequences were accepted as matched either by requiring 10 identical residues not counting the first 3 (e.g., CAS), or by a more lenient criterion in which 2 mismatches were accepted, as long as they involved residues in the same physicochemical similarity group according to the criterion of Miyata et al. (31) . The number of matches expected by chance in the Findpatterns search is the probability of a single match, P match , that equals the product of the frequencies of the amino acids (32) in the CDR3 region corrected for the number of CAS and graft clones, N C and N g : E match ϭ N C N g P match .
Examination of the three-dimensional structure of CDR3␤ sequences that contain the YEQYFG CDR3 motif (33) was made using the molecular graphics program DeepView (Swiss-PDB Viewer) (34) to locate the potential contact residues.
Statistics
The difference in degree of clonal expansion between distributions was assessed using the Hamming distance statistic that provides an overall measure of the extent that a given length probability distribution differs from a reference distribution, as described previously (22) . The KolmogorovSmirnov test was performed to compare the difference between CDR3 length distribution expressed by T cells within the aortic valve, as determined by nucleotide sequencing, to length distributions observed within CD8 and CD4 peripheral subsets in the same CAS cases as described previously (21) . The likelihood of the finding that T cell clones within the aortic valve originated from peripheral CD8 but not the CD4 subset was calculated using binomial probability.
Results
TCR ␤-chain CDR3 length distribution analysis revealed multiple oligoclonal T cell expansions among lymphocytes infiltrating stenotic aortic valves
Representative illustrations of the H&E and immunochemical staining using CD3, CD4, and CD8 mAbs of three CAS cases showing the composition of the lymphocytic infiltration in trileaflet and bileaflet aortic valves are shown in Fig. 1 . These demonstrate the expected infiltration by CD4 and CD8 T cells around areas of neovascularization, calcific deposition, and in the aortic subendothelium of the valve. The distribution of TCR ␤-chain CDR3 lengths in seven tricuspid stenotic aortic valves was found to be highly restricted, with skewed length spectra indicating a considerable number of oligoclonal expansions among the infiltrating T cells, as illustrated by CAS01 ( Fig. 2A) , CAS05 (Fig. 2B ), and CAS04 (Fig. 3B ). There were oligoclonal expansions in most of the 23 BV families comprising this valve TCR repertoire, from 1 in BV15 up to 4 in BV5. This information is summarized for all 23 BV families studied in each sample, where the top section of Table II illustrates that the average number of oligoclonal expansions within the aortic valve for each sample is greater than in the PB CD8 or CD4 subsets, and middle section shows that these oligoclonal expansions also take up a greater proportion of the TCR repertoire within the aortic valve than they do in the paired PB CD8 or CD4 subsets, reflecting their greater degree of expansion. For example, in CAS01, 27 oligoclonal expansions were found in the heart valve compared with 22 in the CD8 subset, but the greater enlargement of the clones in the valve relative to the balance of the valve TCR repertoire was shown by the fact that 74% of the total valve repertoire in CAS01 (Table II , middle) consisted of oligoclonally expanded T cells, whereas in the CD8 subset the expanded clones only occupied 19% of the repertoire. Among all valves, an average of 57% of the ␤-chain TCR valve repertoire across all 23 BV families (Table II , middle) was occupied by 37 T cell oligoclonal expansions (Table  II , top). CAS05 (Fig. 2B ) exhibited the most heterogeneous and polyclonal infiltration of T cells by the ␤-chain length distribution method, with 28% of the repertoire containing 31 clonal expansions (Table II , top and middle). Indicative of the selective entry of T cells into the tissue, no T cells were detected in some BV families, such as BV6S1 (BV6) in CAS01 ( Fig. 2A ) and BV25 in CAS05 (Fig. 2B ). An average of 20% (range, 12-44%) of BV families lacked expression only in the valve (data not illustrated). As expected in these older individuals, the CD8 subset exhibited frequent oligoclonal expansions designated by arrowheads. One case with a calcific bicuspid valve similarly revealed oligoclonal patterns (Fig. 3A) indistinguishable from those observed in the tricuspid valves (Figs. 2, A and B, and 3B) . A normal valve had no detectable TCR ␤-chains in any BV family (data not illustrated). The difference between the ␤-chain TCR length distributions of the stenotic valves and CD4 or CD8 subsets, or a weighted combination of both CD4 and CD8 approximating the ratio in normal blood (PB), is further shown by comparing the proportion of the repertoire present at each CDR3 length between each paired sample, as measured by the Hamming distance statistic. Table   FIGURE 2 . TCR ␤-chain CDR3 length distribution of two CAS cases, CAS01 and CAS05, comparing the T cell repertoire of the valve with that of blood CD8 and CD4 subsets. A, Illustrates the oligoclonal nature of T cells in trileaflet CAS valve in case CAS01 for six representative BV families. The height of each fluorescent peak is the relative proportion of the TCR repertoire occupied by TCR with a particular CDR3 length. For example, within BV15, a single expansion consisting of a uniform population of T cells with CDR3 length of 9 aas (Arden et al. (25)) was detected. This pattern differed markedly from the ␤-chain length distributions exhibited by paired peripheral CD8 and CD4 T cells, which were composed of multiple peaks distributed across a spectrum of CDR3 lengths. The CD4 subset length distribution was more Gaussian, whereas the CD8 subset exhibits several oligoclonal expansions (arrowheads). Certain BV families in PB contained oligoclonal expansions (arrows) of the same CDR3 length as those found expanded in the valve (arrows connected by lines), as illustrated by the oligoclonal expansion at CDR3 length (length ϭ 9) for the valve and CD8. Similarly, the ␤-chain TCR repertoires in the other BV families also exhibited restricted and skewed distributions in contrast to patterns in the corresponding PB subsets. BV6A (6S1) illustrates an instance where no TCR expression was detected. B, TCR ␤-chain CDR3 length distribution illustrating that valve CAS05 contains a slightly more polyclonal infiltration in addition to oligoclonal T cells expansions. Six representative BV families are illustrated. The repertoire in BV1, -5, and -8 exhibited an increased proportion of apparently polyclonal T cells compared with the repertoires in the other valves. The ␤-chain TCR repertoires in the remaining BV families exhibited a more restricted and skewed distribution in contrast to patterns in the corresponding PB subsets. BV 25 illustrates an instance where no TCR expression was detected in the valve. The faint gray peaks are different size calibration markers.
II, bottom, shows for each case the elevated Hamming distances observed across all 23 BV family length distribution histograms between those of the T cell repertoire infiltrating the valves and to those from PB. The average distance for all samples and BV families is 47 ( p Ͻ 0.01). Although the Hamming distance difference indicates the repertoires greatly differ between the valve and blood CD4 or CD8 subsets, a smaller number of oligoclonal expansions are found at the same CDR3 length and are designated by arrows joined by tie bars (Fig. 2, A and B) . BV families containing these potentially shared clones with either CD4 or CD8 subsets from each of the five CAS cases were chosen for analysis by nucleotide sequencing.
TCR ␤-chain nucleotide sequence analysis reveals the T cell repertoire within the aortic valve predominantly consist of expanded clones
The 3,612 ␤-chain sequences remaining after exclusion of unsuccessful rearrangements were analyzed for BV, D, and J element usage, translated into amino acid sequences, and identical sequences were grouped together forming expanded clones (Supplement Table) and summarized as distribution histograms (Fig. 4) . These histograms resemble the length distribution histograms in Figs. 1, A and B, and 2 , but reveal the clonal composition at each CDR3 length, showing that the ␣␤ T cell valve repertoire was mainly composed of a small number of variably expanded T cell clones. For example, in Fig. 4A , the CAS01 valve repertoire consisted entirely (100% ; Table III) The other four cases (Fig. 4 , B-E) similarly illustrate that the repertoire of valve-infiltrating T lymphocytes is composed of a limited number of T cell clones, many of which are expanded. An average of 92% of the valve TCR repertoire consisted of expanded T cell clones (Table III , bottom), with at least 97% of the repertoire in CAS01, -2, -3, and -4 composed of expanded clones. CAS05 was the most clonally diverse, with 27 expanded clones that occupied 66% of the repertoire, a considerably higher number than revealed by the length distribution method in these same BV families (Fig. 2B) . The remaining 34% of the repertoire in CAS05 contained 40 unexpanded single sequence T cell clones. The presence of unexpanded clones (e.g., Fig. 4B ) CAS02 (BV2 CDR3 lengths ϭ 10, 11, and 12) and BV9 (length ϭ 10), designated by boxes of unit height, provide an internal control for interpreting the relative degree of expansion in the other clones. As shown in Fig. 4E , unexpanded clones predominate in BV1 and BV5. Fig. 4A reveals that the BV4 oligoclonal expansion in CAS01 at CDR3 length (length ϭ 9) in Fig. 2A is actually composed of three clones, suggesting that these expanded T cell clones are not randomly distributed and may reflect selection by the same peptide Ag (23, 35) . The CDR3 amino acid sequence motifs of some expanded clones with the same CDR3 length are homologous. For example, in CAS03 the BV8 family contains three clones at CDR3 length 9, of which two, CASSLGQKETQYF and CASSAGGTDTQYF, exhibit considerable homology (homologous residues underlined) and in CAS04, the BV15 family contains the clonal expansions of CDR3 length 9, CA TQPVGTDTQYF, which differ by 3 aa residues from a second clone in the valve (CATSDLGTDTQYF) (Supplement Table) . Furthermore, 27% of T cell expansions with the same CDR3 length use the same BJ segment.
The T cell-infiltrative process in CAS is highly selective and generally does not resemble the repertoire in blood
The TCR repertoires within the valve differed from those of the blood T cell subsets in terms of the greater degree of clonal expansion and the smaller proportion of the repertoire occupied FIGURE 4. Summary of T cell repertoire composition of the ␤-chain nucleotide sequence comparing the aortic valve and the peripheral CD8 and CD4 T cell compartments in each of the five CAS cases CAS01 through CAS05 (A-E). TCR transcripts with identical ␤-chain nucleotide sequence were grouped together and plotted according to their inferred amino acid sequence CDR3 length in histogram form, with the height of each column subdivision representing the number of identical sequences. The sequence analysis sometimes revealed separate clonal expansions not suspected by the length distribution method in Figs. 1 and 2 . For example, A shows that the peak at CDR3 length (length ϭ 9) in the CD8 blood subset is found to be composed of eight clones, whereas the valve contains only a single expanded clone that is identical in sequence to one of the CD8 blood clones, indicated by the filled rectangle and the tie line containing the CDR motif of the shared clone (CATSDFIADTQYF). The size of the shared expanded clone in blood varied considerably, with the largest expansions in blood of shared clones found in CAS04 and CAS05.
by unexpanded T cell clones (Fig. 4 and Table III ). In 16 of the 25 BV families sequenced across the five samples, the significance of the difference between the CDR3 length of PB and aortic valve repertoires was p Ͻ 0.0005. Unlike the valve repertoire, the T cell subsets in PB contained a preponderance of unexpanded T cell clones, and generally the CD8 T cell repertoires were composed of multiple expanded as well as unexpanded clones, whereas CD4 T cell repertoires were composed of predominantly unexpanded T cell clones. Sequencing revealed additional minimally expanded clones in blood not detected by the spectratype method (Fig. 1, A and B) . Furthermore, sequence comparison of each clone in the valve vs blood revealed 86 of the 110 expanded aortic valve T cell clones were not found in blood, whereas 416 expanded PB clones were not detected in the valve.
Expanded T cell clones within the aortic valve with putative progenitors in blood predominantly originate from the peripheral CD8 subset
Of the total of 158 T cell clones identified in the valve, 24 shared an identical ␤-chain CDR3 sequence at the nucleotide level with a clone in PB (Supplement Table) and depicted as amino acid motifs in the tie line linking these clones in Fig. 4 . Strikingly, in 22 of 24 of the shared clones, the presumptive clonal precursor originated from the CD8 subset. Because this subset occupies ϳ30% of the peripheral T cell pool, the probability of this observed CD8 predominance being a chance event is p ϭ 1.5 ϫ 10 Ϫ12 .
Amino acid homology between structurally unrelated clones suggesting possible recognition of common peptide Ags
Table IV, Set1, illustrates complete CDR3 amino acid sequence identity of two clones of CDR3 length (length ϭ 7) from CAS05 that differ in nucleotide sequence and use different BV elements, suggesting that they may have been selected by a common peptide-MHC (p-MHC) structure. Set2 illustrates considerable homology between the CDR3 of a valve clone from BV8 in CAS05 and a BV4 clone from CD8 subset in CAS04. The four underlined amino acid residues is the calculated location of the ␤-turn between the F and G strands of the ␤-pleated sheet and is near the likely region of p-MHC contact. There is a nonconservative amino acid difference not in the same physicochemical similarity group in this region (31) . Set3 and Set4 show sequence homology between two different CD4 clones from blood and valve tissue clones. Set3 differs only in the J region 3Ј to the ␤-turn, whereas Set4 share all but 2 aas. To explore the hypothesis that some sequences will be public motifs homologous to amino acid sequences found in previously identified sites of inflammation or other situations (35) , the valve sequences were aligned to those in the nucleotide database using BLAST, and a program that estimates the position of the ␤-loop of the CDR3 region that is a contact site with p-MHC. The most significant homologies are summarized in Table IV . The CD4 T cell TCR sequence of Set4 from blood was found homologous to two clones identified in inflammatory sites of diseases unrelated to CAS, human T cell leukemia virus (HTLV) polymyositis, and Rasmussen encephalitis, suggesting that the valve clone of Set4 may be a bystander clone. Set5 shows the homology of a valve clone with an anti-HTLV-1 clone. The ␤-chains differ in length by 1 aa, but the putative turn is similar, containing one conservative amino acid difference (31) . Set6 is a second example of a homology with a different HTLV-1-reactive clone that differs by two nonconservative changes. Set7 is a homology with an alloreactive HLA-B27-specific clone that differs in sequence by one conservative amino acid in the ␤-turn. Set8 contains a valve clone homologous to both a clone from a multiple sclerosis lesion and one from graft arteriosclerosis.
Sets9 through 13 each exhibit the highest or second highest homology with a CDR3 region of a TCR ␤-chain isolated from graft arteriosclerosis. Set9 exhibits the greatest homology, differing only by the conservative F-L substitution, whereas Set11 and Set12 have conservative changes in the ␤-turn between residues belonging to the same physicochemical similarity class (31) . Examination of the three-dimensional structure of sequences containing the YEQYF motif shows that Y is the main contact between the CDR3␤ region and the peptide, and that in the sequences of Set10 the gap between the CAS and graft sequences due to differing CDR3 length is several amino acids removed from this contact region. In Set11 the three mismatches are between residues belonging to the same physicochemical similarity class (31) .
To explore whether these homologies occurred by chance, the CDR3 regions of 158 CAS clones and a disease control of 116 T cell clones obtained from the kidneys of individuals with lupus nephritis were each compared with the corresponding region of both 223 productively rearranged graft-arteriosclerosis clones in GenBank (30) and 99 atherosclerosis clones (18) . Only the 10 aa match of Set10 was found, with no matches between CAS and atherosclerosis, or between the renal T cells and either atherosclerosis or graft arteriosclerosis. The number of matches expected by chance was 2 ϫ 10 Ϫ7 , implying the observed match is unlikely to have occurred by chance.
Discussion
This initial molecular characterization of the ␣␤ T lymphocyte repertoire in valve leaflets in CAS revealed the infiltrate is predominantly composed of a limited number of expanded T cell clones, and that a subset of these clones were also identified in blood, where they were predominantly highly expanded and CD8 in lineage. Taken together with prior observations on the phenotype and activation state of the infiltrating T cells, the expression of HLA-DR and evidence of osteoblast differentiation by the valvular mesenchymal cells, and the presence of new blood vessels in regions of lymphoid infiltration expressing VEGF, VEGF receptors, ICAM-1, and VCAM-1 (5-11), the present observations are not consistent with the hypothesis that the T cell infiltration in CAS is a nonspecific, innate immune response to inflammation. They rather suggest that clonally expanded ␣␤ T cells mediate at least some of the valvular injury, although the nature and magnitude of this contribution to the development of CAS remains unknown.
The selectivity of the process underlying the presence of the expanded T cells infiltrating the valve is supported by the absence in tissue of T cells from certain BV families, the highly significant predominance of the CD8 subset among the clones shared with blood, the large proportion of clonal expansion in both blood CD4 and CD8 repertoires that were not identified in the valve and vice versa, the elevated proportion of expanded clones to unexpanded clones found in the valve, the structural homologies evident between CDR3 regions of unrelated clones as well as the frequent representation of the same CDR3 length in the valve. This selectivity suggests the operation of cognitive immune recognition events in the formation of the inflammatory infiltration.
Several observations make unlikely the possibility that the clonal expansions artifactually result from PCR amplification of extremely small numbers of T cells in the valve. Real-time PCR for GAPDH and CB could be performed on valve samples CAS01 and CAS03, the two valve samples with the most oligoclonal T cell repertoires, and revealed, relative to the amount of GAPDH, that CAS01 contained 6.93% ␣␤TCRCB and CAS03 1.66% ␣␤TCRCB transcripts. Adjusted for the values obtained for purified CD4 T cells, this result provides an estimate that 1.7% of the cells in valve sample CAS01 and 1.6% of sample CAS03 are composed of infiltrating T cells, respectively. This estimate is consistent with the numbers of T cells demonstrable histologically within CAS valves in this study (Fig. 1 ) and in the literature (5-7, 9). Furthermore, using the same techniques, comparably small numbers of T cells obtained with needle biopsy of inflamed synovial tissues and analyses of fewer than 1,000 PB T cells yield a predominantly polyclonal repertoire (21, 23) .
The findings bear on the relationship between atherosclerosis and CAS. The composition of the TCR repertoire in CAS differs from that in the stable vascular atherosclerotic lesion, where the lymphocytes are mainly polyclonal and perhaps chiefly recruited by lipid-stimulated macrophages (17) (18) (19) (20) . Moreover, no shared T cell clones have been found between the stable atheromatous plaques and PB (18) . The predominance of shared CD8 T cell clones also distinguishes CAS from the clonal expansions of T cells that have been implicated in adverse events occurring in unstable coronary and carotid plaques that were predominantly derived from the unusual subset of CD4 ϩ CD28 null effector T cells (36 -41) .
There is increasing evidence that some expanded T cells in an immune-driven inflammatory infiltrate do not recognize the peptide inciting the inflammation, a category designated as "bystander clones" (42) . Their presence is considered to reflect the attraction, activation, and proliferation of memory/effector T cells induced by chemokines and immunoreactants found in the inflammatory milieu (42) . The considerable sequence homology by BLAST exhibited by several TCR clones in CAS to clones from multiple inflammatory sites, such as multiple sclerosis lesions and HTLV-1 infection (Table IV) , suggests that some CAS clones are likely bystander clones related to the non-Ag-specific component of inflammation. However, the minor proportion of polyclonal, nonexpanded T cells compared with other inflammatory sites, such as atherosclerotic plaques of inflamed synovia (17) (18) (19) 21) , suggests that inflammation-mediated T cell recruitment is not a highly prominent feature of CAS.
Intriguingly, BLAST analysis showed that the disease entity with the most high-scoring T cell CDR3 motifs ␤-chain homologous to CAS clones in GenBank was cardiac allograft arteriosclerosis, a form of arteriosclerosis involving a specific cell-mediated immune response developing during cardiac allograft rejection and mediated by expanded CD8 lineage T cells clones (30) . This sharing of clone sequences between unrelated individuals is an example of a public repertoire, and the frequent selection of conserved amino acid motifs is an example of a type 2 TCR repertoire bias (35) . We speculate that this homology suggests that some clones in CAS and allograft arteriosclerosis recognize the same peptide. One explanation of how coronary arteries in the rejecting heart might express the same peptide as the aortic valve is that the allogeneic graft rejection response triggers a secondary activation of auto-, not alloreactive T cells that recognize vascular stress self-peptides, a possibility envisioned by Slachta et al. (30) , and that these same molecules are induced in heart valves as a result of prolonged mechanical strain and elicit the T cell infiltration and clonal expansions in CAS. Perhaps binding and presentation of these peptides to T cells occurs with only certain allelic class I MHC molecules, accounting for the development of CAS in a small subset of all individuals that would be expected to express the stressinduced molecules.
The finding that the large majority of T cell clones shared between blood and the valve were CD8 in lineage, together with occurrence of CAS in the elderly, suggests the hypothesis that the shared clones are related to the clonally expanded CD28-negative presenescent CD8 T cell clones in blood that normally increase in frequency with age and in some situations of chronic viral infection, autoimmunity, and malignancy (43) (44) (45) (46) (47) (48) (49) . The expression on these CD8 clones of NK family receptors that recognize molecules expressed by stressed cells provides a mechanism of costimulation that could lower the threshold for triggering clonal proliferation by still undefined self p-MHC (50) .
The evidence of extensive clonal expansion among the valveinfiltrating T cells in CAS gives further impetus to changing the paradigm of this disease from a passive, irreversible, degenerative process to one based, at least in part, on inflammation and injury mediated by elements of the adaptive immune response. It also suggests a rationale for studying whether therapy directed to the expanded activated T cell clones in CAS might retard the otherwise relentless progression of this disease.
